ATTACHMENT B


Groundwater Recharge Package


BACKGROUND


In 1991, as part of a larger study of the western portion of San Francisco, the U.S. Geological Survey (USGS) developed a FORTRAN model to estimate recharge of rainfall and imported water to groundwater in the City of San Francisco. The model was named SMB_SF.FOR. The model was essentially a soil-moisture budget routine and used a series of soil-moisture calculations and time- and spatial-specific data, such as rainfall and land-use data, to estimate groundwater recharge. The calculated recharge values were then incorporated into the Recharge Package of the USGS Lake Merced MODFLOW groundwater model. The theory, equations, and background data used to develop SMB_SF.FOR and its associated input parameters are documented in the publication Geohydrology, Water Quality and Estimation of Ground-Water Recharge in San Francisco, California 1987-1992 (USGS, 1993, reference located in Works Cited section of the text).


RECHARGE MODEL IN WESTSIDE BASIN MODEL


SMB_SF.FOR was modified in 1996 and renamed SMB_CH.F90 by CH2M HILL for use in estimating recharge to groundwater within the bounds of the Westside Basin Model. The modified model calculates soil-moisture change and associated groundwater recharge on a monthly basis for each of the years included in the Westside Basin Model calibration. Figure B-1 shows the logic used by both SMB_SF.FOR and SMB_CH.F90 in calculating groundwater recharge. Output from SMB_SF.FOR was also modified in SMB_CH.F90 to print recharge data for each node within the Westside Basin Model.


SMB_CH.F90 and its predecessor, SMB_SF.FOR, operate generally as follows. First, all necessary input data are read by the program. Using flags read by the model code, the program determines if observed evapotranspiration (ET) data are to be read or if the Blaney-Criddle equations are to be used to calculate ET. The model also reads observed sewer flow, if available, for comparison against calculated sewer flows, and observed soil-moisture data. If soil-moisture data are not available, the model calculates it using observed/calculated ET and recharge data. 


Other variables input into the model include the number of model nodes, monthly rainfall depths, depression storage, water pipe leak rate, sewer pipe leak rate, the fraction of indoor water use that goes to the sewers, and monthly total municipal water use. The model also requires specific input for the different land use areas (or zones) as defined within the modeled area or grid. 


Figure B-2 shows the different land use zones for the Westside Basin Model. These zone-specific input data include total zonal area, fraction of impervious surface within the zone, fraction of irrigated land within the zone, mean annual rainfall, maximum available water content, plant root depth, initial available water content, fraction of irrigation supplied by groundwater, relative ET at which irrigation is triggered, irrigation efficiency, and monthly crop coefficient. 


Soil-moisture balance calculations are conducted independently for each land use zone for the impervious and pervious (both irrigated and non-irrigated) portions of the zone (Figure B-2). For impervious areas, rainfall is applied (or added) to the soil-moisture balance. Depression storage and the fraction of rainfall that leaks to the ground or runs off to pervious surfaces are calculated and subtracted from the revised moisture balance. The remaining fraction of rainfall not leaked to the ground or captured in depression storage is considered runoff to the sewer system, where it is combined with other sewer inflows.


For pervious land surfaces, the input rainfall depth is added to the soil-moisture balance. Rainfall runoff from pervious land surfaces is calculated using zone-specific slopes and runoff thresholds (entered into the model by the user), assuming a linear relationship between rainfall and runoff depths. The calculated runoff is subtracted from the applied rainfall and added to the total sewer inflow. The remainder of the rainfall depth is then added to the soil-moisture balance as infiltration. Evapotranspiration is calculated using the new soil moisture value, and then subtracted from the overall soil moisture budget. 


If an irrigated area is within the zone (as indicated by the input value FRIRR), the ratio of actual ET to potential ET is calculated and compared to an input irrigation threshold to determine if irrigation is required at that time-step according to soil-moisture content. If required, irrigation is applied to the soil-moisture balance, and the fraction of irrigation from both groundwater and imported water is calculated. Then, for both pervious-irrigated and pervious-non-irrigated land types, the current soil-moisture balance is compared to the maximum allowable soil moisture (an input value), and the difference between the calculated soil moisture (following addition and subtraction of rainfall, ET, etc.) and the maximum allowable soil moisture is considered to be recharge to groundwater.


After rainfall, ET, and irrigation (where applicable) are applied to the impervious, pervious-irrigated, and pervious-non-irrigated lands within the modeled area, municipal water delivery is applied for each zone by calculating the quantities of indoor water used, and wastewater generated by indoor water use based on input values to the program. All inflows to the sewers (indoor wastewater, runoff from the impervious area, and runoff from irrigated and non-irrigated soil subareas) are then summed, and sewer leaks calculated and subtracted from the total sewer flow. Finally, all recharge items (water pipe leaks, sewer pipe leaks, part of impervious area runoff, and deep percolation from irrigated and non-irrigated soils) are summed and the process repeated for the next time-step. 


The program results are summarized at the end of the program on a monthly basis and budget summaries are printed.


INPUT DATA


The following is a discussion of the data used as input to SMB_CH.F90. Unless otherwise specified, the data used by Gus Yates in his calibrated version of SMB_SF.FOR and the corresponding Lake Merced MODFLOW model were also used for input in SMB_CH.F90 and the Westside Basin Model and were assumed to be valid.


SIMULATION PERIOD


The Westside Basin Model, and therefore SMB_CH.F90, was developed using data from water years 1975 through 1995 for calibration. On a monthly basis, this translates to 240 months (NMOSIM) for simulation. As with the Westside Basin Model, groundwater recharge data created using SMB_CH.F90 began in October 1975 (IMO1 = 10 AND 1YR1= 1975).


MODEL FLAGS


SMB_CH.F90, as in SMB_SF.FOR, incorporates a number of switches (or data qualifier flags), allowing the modeler to identify how data are input and/or calculated, and how output is printed: 


ISW1 - Indicates if observed ET data are read or if ET data are calculated using the Blaney-Criddle Method.


ISW2 - Indicates if observed sewer flow data are read and compared against calculated values.


ISW3 - Indicates if observed recharge data are read and plotted against calculated values.


ISW4 - Indicates if observed soil-moisture data are read or if they are calculated from a cumulative soil-moisture balance using observed ET and recharge.


ISW5 - Indicates if irrigation calculations are included in the model.


ISW6 - Indicates if model nodes are read and exported.


IPRN - Indicates the level of data to be output (i.e., basic run information only)


IFLAG - Identifies the transient nodal output interval.


ISTART - Identifies the starting months for the budget averaging periods. 


IEND - Identifies the ending months for the budget averaging periods. 


BUDGET SUMMARY


Upon completion of the monthly steps, SMB_CH.F90 creates soil-moisture budget summaries. The two flags, ISTART and IEND, indicate the starting and ending months for the budget averaging periods.


LAND USE ZONES


SMB_SF.FOR, and subsequently SMB_CH.F90, calculate recharge from precipitation and imported water use. Because land use is considered to be a key factor in the estimation of areal groundwater recharge, the modeled area is classified by land use fields on the basis of land use, population density, soil type, and average annual rainfall. These fields are then further consolidated into zone groups of similar land use types to simplify input into the recharge model. This land use zonation was initially drafted by the USGS for the entire Westside Basin, however, only that portion within the City and County of San Francisco was used in their recharge program (USGS, 1993). The zones not “finalized” by the USGS in the documentation were, however, adopted for use in the Westside Basin Model. SMB_CH.F90 has 136 zones input, versus the 84 zones input into SMB_SF.FOR. These additional 52 zones were then compiled into a fourth zone group for input into SMB_CH.F90. The land use designations of the 136 zones are summarized in Table B-1.


�
SOIL-MOISTURE CURVES


The same soil-moisture curves were used in the input file for the USGS model, SMB_SF.FOR, and for the CH2M HILL-revised version, SMB_CH.F90.


GLOBAL URBAN HYDROLOGY DATA


The following “global urban hydrology” data were entered into the model for use in all zones. These data were unchanged from those USGS used:


Depression storage (inches per month, DEPR)


Water pipe leak rate (fraction of flow, WLKRATE)


Sewer pipe leak rate (fraction of flow, SLKRATE)


Fraction of indoor imported water used that becomes wastewater (fraction, WWFRAC)


TOTAL MUNICIPAL WATER USE


Total municipal water use in acre-feet per month is entered into the groundwater recharge model for each month of simulation. The final (calibrated) version of SMB_SF.FOR was run for a 24-month simulation period, and measured data were used as input. The data entered into SMB_CH.F90 for the 240-month simulation period were the 24 months of data used in SMB_SF.FOR repeated, as needed, to provide the required input data set.


INPUT FOR EACH ZONE


The following input data were entered for each zone. The data used in the calibrated version of SMB_SF.FOR were considered valid and were used as input into SMB_CH.F90 unless otherwise indicated:


Total area of zone (acres, AREATL).


Fraction of impervious land (unitless, FRIMP).


Fraction of irrigated land (unitless, FRIRR).


A multiplier was used to calculate mean annual rainfall for the specific zone (unitless, PFAC). In the original SMB_SF.FOR, PFAC was calculated for each zone by dividing the mean annual rainfall for that zone (as estimated from precipitation maps) by the averaged annual depth of rainfall in San Francisco as measured at the three National Oceanic and Atmospheric Administration (NOAA) weather stations within the Westside Basin. In SMB_CH.F90, PFAC is entered directly by the model user for each of the precipitation stations to be averaged.


Runoff from pervious subareas is calculated in SMB_CH.F90 (and SMB_SF.FOR) using a linear relationship between  slope (dimensionless, SLOPE) and an intercept representing the threshold at which runoff begins (inches, YINTCP).


Soil properties common to irrigated and non-irrigated parts of the zone are:  maximum available water content (inches/inch, AWC), and curve index, which is equal to the index number of relative ET versus the soil-moisture curve (unitless, ICURVE).


Plant root depths for irrigated (inches, RTDPTHI) and non-irrigated subareas (inches, RTDPTHN) are also input.


Initial available water content for irrigated (inches/inch, SMIRR0) and non-irrigated areas (inches/inch, SMNON0) is also input.


Irrigation parameters for irrigated subareas are:  relative ET at which irrigation begins (fraction, ETFIRR), fraction of irrigation supplied by groundwater (fraction, FRACGW), and irrigation efficiency (fraction, EFFIC).


Average monthly temperature difference between zone location and regional temperature station (degrees Fahrenheit, TEMP) is input.


Monthly crop coefficient for irrigated (unitless, FACKI) and non-irrigated subareas (unitless, FACKN) are input. In the original soil moisture budget program, FACKI and FACKN were input for each month of the simulation for each zone. This was modified in SMB_CH.F90 so that FACKI and FACKN were constant over the period of simulation, and only varied by zone on a monthly basis.


Relative water use intensity weighting for indoor (non-irrigation) use (unitless, ZWEIGHT), and fraction of impervious area that leaks or drains to soils (fraction, FRIMPLK) is also input.


Table B-2 summarizes some of the values used as input for the various zones identified in the calibrated version of SMB_SF.FOR. Because SMB_SF.FOR only included those parts of the Westside Basin within the City and County of San Francisco, a number of required zones needed input development for the simulation of recharge to the Westside Basin. The input parameters for these “new zones” are summarized in Table B-3. 


For the zones not included in the calibrated version of SMB_SF.FOR, zones with similar characteristics to those previously not included zones were used to estimate a number of the parameters, excluding the zone area. For example, Zone 53 was included as input into SMB_CH.F90, but not for SMB_SF.FOR. This zone represents Lake Merced Golf Club, and was assumed to have properties similar to San Francisco Golf Club and Olympic Golf Club (Zones 52 and 51, respectively), both of which were included in the SMB_SF.FOR calibrated input file.


Data generated by running SMB_CH.F90 were combined with groundwater pumping data to form the pumping input file for the Westside Basin Model.
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